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Legumes can form a nitrogen fixing symbiosis with soil bacteria called rhizobia (the RL symbiosis). They can also, like most
plants, form symbiotic associations with arbuscular mycorrhizal (AM) fungi, which facilitate plants’ phosphate nutrition.
In both interactions, the symbionts are hosted inside the plant root. Nitrogen-fixing rhizobia are housed in intracellular
symbiotic structures within nodules, while AM fungi form intracellular symbiotic structures, called arbuscules, within
cortical root cells. These two endosymbioses present other similarities, including production by the microsymbionts
of lipo-chitooligosaccharidic signals (Nod Factors and Myc-LCOs), and the involvement of common plant signaling
elements. In Medicago truncatula, DMI3 encodes a calcium and calmodulin dependent protein kinase that is part of this
common signaling pathway, while NFP encodes a LysM domain receptor-like kinase involved in Nod Factor perception.
Using tissue specific promoters, we recently uncoupled the roles of NFP and DMI3 in the cortex and the epidermis of the
root during the RL symbiosis.' Here, we provide additional data showing a cell autonomous tissular contribution of DMI3
in the AM symbiosis, and we comment on a non-cell autonomous cortical role of NFP during rhizobial infection.

Introduction

Root endosymbioses are extremely important for the nutrition of
plants. The arbuscular mycorrhizal (AM) symbiosis, involving
fungi of the Glomeromycota phylum, is formed by 80% of ter-
restrial plant species and supplies plants with nutrients (mainly
phosphate) and water.? The Rhizobium-legume (RL) symbiosis,
which is almost entirely restricted to the legume family, pro-
vides combined nitrogen to the plant partner. In the AM sym-
biosis, plant roots and fungal hyphae are intimately connected.
The fungus develops intracellular structures called arbuscules
inside the root cortex, and these are thought to be the main site
of nutrient exchange between the fungus and the plant.? In the
RL symbiosis, the formation of nitrogen-fixing nodules requires
coordination between the initiation of cell divisions in the cortex,
responsible for nodule organogenesis and root infection by rhi-
zobia which starts at the epidermis and then progresses through
the cortex to the nodule primordium.*>* Thus, both rhizobial and
fungal microsymbionts have to enter root tissues and reach corti-
cal cells to establish a functional symbiotic interaction. Moreover,

the entry of both microsymbionts is tightly controlled by the host
plant and is prepared in both cases in underlying cell layers by
calcium signaling and cellular modifications.”” Here, by study-
ing the infection process in Medicago truncatula mutant plants
expressing either NFP or DMI3 only in the epidermis or only in
the cortex, we investigated whether these key symbiotic genes act
in a cell autonomous way or whether they are involved in cross-
talk between the epidermis and the cortex required to coordinate
microsymbiont penetration of the root.

Results and Discussion

Both rhizobial and mycorrhizal infection are controlled by
DMI3 in a cell autonomous way. The M. truncatula gene DMI3
belongs to the common signaling pathway required for the estab-
lishment of both the RL and the AM symbiosis. DMI3 encodes
a calcium and calmodulin dependent protein kinase (CCaMK)
that is required to decipher the calcium oscillations triggered by
the perception of the microsymbiont.>’ During rhizobial infec-
tion, DM1I3 is expressed both in the epidermis and in the cortex
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Figure 1. Mycorrhizal phenotypes of Medicago truncatula dmi3 mutant plants complemented by the pLeEXT1:DMI3 construct at 4 weeks post inocula-
tion with Rhizophagus irregularis. (R) dmi3 mutant root carrying an empty vector, showing hyphae developing only on the root surface. (B) dmi3 mu-
tant root complemented with the pDMI3:DMI3 construct showing dense arbuscule and vesicule formation. (C and D) dmi3 mutant root complemented
with the pLeEXT1:DMI3 construct. (C) Showing hyphae developing on the root surface (arrow) and intracellular hyphae entering an epidermal cell
(arrowhead). (D) intercellular colonisation in the cortex without arbuscule formation. Scale bars: 200 um in (A and B); 25 wm in (C) and 100 pm in (D).

of roots.! dmi3 mutants do not show any rhizobial entry or nod-
ule formation and show only limited responses to Nod Factors
(NFs). In the presence of AM fungi, there is also no penetration
of the microsymbiont into epidermal cells and, as a result, no
arbuscules or vesicules are formed in the root cortex' (Fig. 1A).
Our approach consisted in introducing into 4m:3 mutant roots,
via Agrobacterium rhizogenes, a DMI3 wild type allele under the
control of either pLeEXT1, an epidermis-specific promoter, or
pCO2, a cortex-specific promoter,' followed by analysis of sym-
biotic phenotypes.

While the pCO2:DMI3 construct had no effect on the dmi3
mutant phenotype (21 plants tested), roots transformed by the
pLeEXTI:DMI3 construct showed penetration of the fungus
in the epidermis four weeks after inoculation by Rhizophagus
irregularis (formerly known as Glomus intraradices). Most of the
time the hyphae formed a coil, but remained blocked in the
infected epidermal cell (Fig. 1C). Sometimes they grew between
cortical cells (Fig. 1D), as in the positive control. However,
hyphae very rarely entered cortical cells and arbuscules were
only very occasionally observed (3 out of 36 plants from 4 inde-
pendent experiments, with 2, 4 and 5 arbuscules, respectively,
per plant). Furthermore, no vesicules were observed, while all
control (pDMI3:DMI3) dmi3 plants showed dense arbuscule
and vesicule formation (Fig. 1B).

Thus, the infection phenotype observed with the epidermal
DMI3 construct during the AM symbiosis is comparable to that
conferred by this construct during the RL symbiosis.! Fungal
hyphae, like infection threads (ITs), can enter epidermal cells but
fail to progress intracellularly into the cortical cell layer where
DMI3 is not expressed. This strongly suggests that DMI3 also
needs to be present in the cortex for successful intracellular

infection both by rhizobia and by AM fungi. We had previously
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shown that a construct combining DAMI3 under the control of the
epidermal and the cortical promoters, though functional since
it provided a gain of function for nodule organogenesis, did not
restore proper rhizobial infection.! Similarly, this construct did
not restore arbuscule formation in the AM symbiosis and the AM
infection phenotype was not different from that observed with
the epidermal promoter alone. As discussed in the case of the RL
symbiosis, we think that this may be due to an insufficient level
of activity of the pCO2 promoter in those outer cortical cells
underlying infection sites, which consequently does not confer a
high enough expression level of DMI3 in the outer cortex for the
infection process to occur. Alternatively, as shown recently for
a M. truncatula phosphate transporter deficient mutant, which
can be complemented only if the wild type allele is driven by its
own promoter,'' a precise spatial and temporal control of DMI3
expression could be required for mycorrhizal infection. The need
for cortical expression of DMI3 during infection is consistent
with recent data obtained on calcium spiking in cortical cells
of M. truncatula, showing that calcium oscillations precede the
actual entry of ITs and fungal hyphae into outer cortical cells.”
Thus, it seems that DMI3 controls rhizobial and mycorrhizal
infection in a cell autonomous way.

Epidermal rhizobial infection requires NFP-controlled
crosstalk between the cortex and the epidermis of the root.
NFP (Nod Factor Perception) encodes a receptor-like kinase
protein possessing three extracellular LysM domains, presumed
to perceive LCOs.">" Like dmi3 mutants, M. truncatula nfp
mutants are blocked for root hair curling and IT formation
but, in contrast to dmi3 mutants, they are not impaired for
mycorrhization."”

When NFP was expressed under the control of the epider-
mal promoter in nfp roots, rhizobia were entrapped in curled
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root hairs, but no ITs were formed.! This very early block in
the symbiotic process suggests that restoration of IT forma-
tion requires expression of NFP not only in the epidermis, but
probably also in the cortex, where it is expressed upon rhizobial
infection when NVFP is driven by its own promoter.”"?

However, as for DMI3, the infection phenotype of nfp roots
carrying a construct combining NFP under the control of the
epidermal and the cortical promoters was not different from roots
in which NFP was only expressed in the epidermis. In this case,
the need for a strict control of the timing and level of expression
of NFP in the epidermis and in the cortex seems unlikely, since
rhizobial infection is fully restored when NVFP is expressed under
the control of the constitutive p35S promoter. An insufficient
expression of NFP due to a low activity of the pCO2 promoter in
the outer cortex seems a more likely explanation. Such a need for
NFP in the cortex is consistent with the strong activation of the
NFP promoter in underlying cortical cells, ahead of IT forma-
tion."? Considering that cortical cells prepare for infection and
guide IT progression,? it is possible that NFP is involved in this
process through a positive feed-back loop from the cortex to the
epidermis. Since cortical expression of DMI3 is not required for
IT initiation and progression in root hairs,' cortical NFP proteins
could act by a mechanism independent of DMI3, and thus inde-
pendent of the activation of the common downstream signaling
pathway. This would be consistent with the fact that, in Lotus
Jjaponicus, spontaneous nodules obtained with autoactive forms
of CCaMK cannot be infected via root hairs in the double NF
receptor mutant nf71/nfr5./%" This, together with the fact that
NFs are not thought to penetrate into inner root tissues, suggests
that the control of infection by signaling from cortical NFP is
unlikely to involve NFs.

In the new model illustrating our data (Fig. 2), we propose
that I'T initiation in epidermal root hair cells is under the con-
trol of cortical cells, and that NFP plays an essential role in
this mechanism via a non-cell autonomous function of the NFP
protein.

Material and Methods

Plant growth conditions, plasmid constructs, rhizobial strains
and inoculation and microscopy methods have previously been
described.!

AM fungal inoculum was obtained from in vitro-grown
hairy root cultures of carrot (Daucus carota) mycorrhized by
Rhizophagus irregularis. For this, the entire contents of mycor-
thized carrot root cultures grown on M medium as described
previously,'® but solidified with 3 g/l phytagel, were mixed with
4.25 ml of 0.1 M citric acid and 20.75 ml of 0.1 M sodium
citrate in a total volume of 250 ml water. This mixture was
blended in a commercial food processor to obtain a semi-lig-
uefied inoculum of spores and fragments of mycorrhized roots
that was stored at 4°C. Three weeks after transformation, ali-
quots of inoculum were put at the same time as transformed
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Figure 2. Model for the cellular roles of NFP and DMI3 in the control

of rhizobial infection in Medicago truncatula. Nod Factors (NFs) trigger
a NFP and DMI3 dependent signaling mechanism in root hairs of the
epidermis, which leads to the activation of NFP in underlying cortical
cells (1); Cortical NFP, in a NF- and DMI3-independent manner, would
signal back to the root hair to control infection thread (IT) initiation (2);
Subsequently, cortical DMI3 would be activated to control the progres-
sion of the IT into the cortex (3).

plants into sepiolite (Brenntag) in falcon tubes as described,”
and grown in a chamber at 25°C with 18 h light/6 h dark cycles.
Roots were colored for mycorrhization by the ink and vinegar
protocol® and observed by light microscopy.
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